Tetraplegic volunteers undertook progressive exercise training, using novel systems for arm-cranking exercise assisted by Functional Electrical Stimulation (FES). The main aim was to determine potential training effects of FES-assisted arm-crank ergometry (FES-ACE) on upper limb strength and cardiopulmonary fitness in tetraplegia. Surface FES was applied to the biceps and triceps during exercise on an instrumented ergometer. Two tetraplegic volunteers with C6 Spinal Cord Injury (SCI) went through muscle strengthening, baseline exercise testing and three months of progressive FES-ACE training. Repeat exercise tests were carried out every four weeks during training, and post-training, to monitor upper-limb strength and cardiopulmonary fitness. At each test point, an incremental test was carried out to determine peak work rate, peak oxygen uptake, gas exchange threshold and oxygen uptake-work rate relationship during FES-ACE. Peak oxygen uptake for Subject A increased from 0.7 l/min to 1.1 l/min, and peak power output increased from 7 W to 38 W after FES-ACE training. For Subject B, peak oxygen uptake was unchanged, but peak power output increased from 3 W to 8 W. These case studies illustrate potential benefits of FES-ACE in tetraplegia, but also the differences in exercise responses between individuals.
Introduction
People with spinal cord injury (SCI) can expect a near-normal lifespan, provided acute and long-term care are adequately managed, but are susceptible to recurrent health problems that affect their quality of life. These include spasticity, skin degradation with susceptibility to pressure sores, and recurrent infections in the chest and urinary tract [27] . Appropriate management can reduce their frequency or severity. Some individuals with chronic SCI are living to an old age, and the long-term health consequences have only recently emerged. These are associated with greatly reduced physical activity and extensive muscle disuse [12] , which include osteoporosis in the paralysed limbs (with increased risk of fracture) [5] , and much reduced cardiopulmonary fitness (with increased risk of cardiovascular disease) [9] . These secondary health complications tend to be more frequent or more severe in tetraplegia than in paraplegia. This is related to the more extensive paralysis as well as extensive dysfunction of the autonomic nervous system that results from higher levels of SCI. This autonomic dysfunction has implications for the control of heart rate, breathing and blood pressure in response to exercise [18] . A simple example is the blunted heart rate response to exercise observed in tetraplegia and high paraplegia.
In the able-bodied population, exercise may be prescribed to tackle issues such as reduced cardiopulmonary fitness, osteoporosis and reduced muscle strength. In tetraplegia, the options for exercise are limited. Only a small proportion of tetraplegics are able to perform forms of voluntary upper limb exercise that can stress the cardiopulmonary system adequately. Over the past thirty years, exercising using Functional Electrical Stimulation (FES) for paralysed muscles has been explored for people with SCI [26] . This technique uses small pulses of electrical current to the peripheral nerves innervating paralysed muscle to induce contraction in the muscle. Where there is no significant lower motor-neurone damage to the nerve supplying a paralysed muscle, FES can be applied to activate motor units using surface electrodes placed on the skin or implanted electrodes placed on, around or attached to the motor nerves. A number of lower-limb FES exercise modalities (most of which use surface FES) have been developed to date, including FES cycling [11, 17] , FES rowing [34] and FES ambulation [14] . However, most of these are designed for people with paraplegia.
FES cycling has been shown to be beneficial in both tetraplegia [16] and paraplegia [19] , but we propose that there is a need for an exercise modality aimed specifically at tetraplegics. We hypothesised that FES-assisted arm-cranking exercise (FES-ACE), using electrical stimulation applied to the biceps and triceps of both arms, could benefit an individual with tetraplegia in terms of both upper limb strength and cardiopulmonary fitness. Needham-Shropshire et al. (1997) [24] demonstrated an increase in manual muscle test scores in people with tetraplegia training with arm-cranking assisted by FES of the triceps (for elbow extension). This set-up restricted the exercise modality to individuals with voluntary control of elbow flexors: those with an injury at C5 and below. In this study, no cardiopulmonary measurements were made over the training period to identify possible fitness benefits in the tetraplegic subjects of regular use of the exercise modality.
The system developed in our study for FES-ACE [13, 6] allows stimulation to be set independently for each of four target muscles, which are the biceps and triceps muscles of both arms. This means that those with voluntary control of some of the muscles in the upper limbs can benefit from the additional muscle force for the exercise achieved by applying FES to paralysed or weakened muscle groups. This would potentially result in more effective and strenuous exercise. The muscles can be built up progressively and the training sessions can be made gradually more intensive, with associated peripheral adaptations within the exercising muscles. We speculated that this could result in increased cardiopulmonary fitness through peripheral and, possibly, central adaptations in tetraplegics who typically have peak oxygen uptakes significantly below those of neurologically intact sedentary people in the general population.
Following the development of systems for FES-ACE and high precision work-rate control, a preliminary evaluation of FES-assisted arm-cranking exercise was performed with tetraplegic subjects to identify possible beneficial effects to the individual of training regularly with this exercise modality. We present the data from two C6-tetraplegia case studies side-by-side, illustrating the large differences in responses to FES-ACE training between two individuals with the same lesion level, but different grades of completeness. Variability in the response of tetraplegic patients to FES-ACE suggests that this novel exercise intervention would be suitable for some of the tetraplegic population.
Methods

Subjects
Inclusion criteria were: (i) traumatic cervical SCI at C4-C6 (ii) no history of recurring autonomic dysreflexia, (iii) neurological stability, (iv) psychological stability, (v) no extensive denervation of the biceps or triceps muscles, and (vi) no excessive spasticity. The study was approved by the South Glasgow University Hospitals Research Ethics Committee, and written informed consent was obtained from the subjects.
The details for the subjects who completed the FES-ACE training and testing are given in Table 1 . The grade of completeness of SCI is given according to the American Spinal Injury Association (ASIA) [21] 
Methods for FES-assisted Arm Crank Ergometry
The hardware consisted of a commercially available instrumented arm-crank ergometer (TheraVital, Medica Medizintechnik, Germany), an eight-channel stimulator (Motive8, Stanmore, UK) and a PC interface. Four channels were used for FES-ACE, to apply the electrical stimulation through pairs of gel surface electrodes (PALS Ultraflex, Massachussets, US) placed over the bulk of the biceps brachii and the triceps brachii of each arm. A pattern generator was used to co-ordinate the stimulation to the four muscles with the position of the cranks. This was implemented in software, running in Matlab/Simulink (The Mathworks, Massachussets, US). The stimulation pulses used were constant-current, monophasic and charge-balanced. The stimulation current amplitude was variable in 10 mA increments up to 140 mA (but the maximum used here was 30 mA), the stimulation frequency was fixed at 20 Hz, and the stimulation pulsewidth was variable from 0 to 500 µs. The operator could change the stimulation pulsewidth using a potentiometer. The FES-ACE instrumentation allowed us to control the work rate through the PC interface. The range of work rates achievable with this FES-ACE set-up included a "negative power output" range and a positive power output range, with transition through unloaded arm-cranking. During the negative range, the motor provided assistance to the subject's arm-cranking motion. Unloaded arm-cranking refers to the point at which the subject's arms were producing just enough power to maintain the desired cadence, but with no resistance to that motion. For positive power outputs (i.e. above unloaded), the subject had to work against resistance provided by the motor.
Full technical details of the systems for FES-assisted Arm Crank Ergometry (FES-ACE) are described elsewhere [6, 13] .
During FES-ACE sessions, the subject was sitting in his/her own wheelchair. The height of the ergometer was such that the center of the cranks was horizontally aligned with the subject's shoulders. The subject was positioned with the elbows in slight flexion when the crank was at the furthest distance from the body, and the wrists were stabilised in the armrests using straps and bandages.
Schedule of training and testing
The training and testing schedule consisted of four to six weeks of muscle strengthening using the FES-ACE system at low cadence and with motor-assist. This was gradually increased from 30 to 50 rpm and from negative workrates to zero-load arm-cranking over the muscle-strengthening period. Only those subjects who at the end of this phase were able to maintain zero-load arm-cranking for at least ten minutes were invited to progress to the next phase of the programme.
After the muscle-strengthening phase, a baseline incremental exercise test was performed in Week 0. This was Test Point (TP) 1. At the test points, the exercise testing sessions replaced the training sessions. During incremental tests, the work rate started from a zero-load baseline and was incremented in equal steps every minute until the subject could no longer continue. Incremental tests were used to determine peak power output, peak oxygen uptake, and the gas exchange threshold.
Formal FES-ACE training began in Week 1. A progressive training schedule was used, with both session duration and work rates being gradually increased over the training period. Each subject trained three times per week (for 15 to 30 minutes per session), and the FES-ACE exercise intervention period spanned 12 weeks. Repeat exercise tests were carried out during weeks 4 (TP2), 8 (TP3), and 12 (TP4). One month after the end of the FES-ACE exercise intervention period, an additional test was carried out (Week 16, TP5). The general time-line that was used for training and testing is depicted in Figure 1 . Subjects performed no arm-cranking exercise between TP4 and TP5. Tests at TP5 allowed us to evaluate positive carry-over effects of the training intervention, or identify any negative de-training effects. For Subject A, a final test (TP6) was performed 8 weeks after TP5. During the 8 weeks between TP5 and TP6, voluntary (without FES) arm-cranking exercise training was carried out by this subject at home, using a commercially available arm-crank ergometer.
Methods for exercise testing
A portable system (MetaMax3B, Cortex Medical, Germany) was used for the breath-by-breath cardiopulmonary measurements at the test points. With the subject breathing through a low dead-space mask, inspired and expired O 2 and CO 2 concentrations, and inspired and expired volume and flow were monitored continuously by discrete gas analysers and a turbine, respectively. This enabled determination of oxygen uptake (VO 2 ), carbon dioxide output (VCO 2 ), minute ventilation (VE) and other respiratory variables. We recorded pulse rate and oxygen saturation using a pulse oximeter (3800, Datex-Ohmeda, Finland), with an earlobe sensor.
Each subject was familiarised with the physiological measurement equipment over a minimum of two sessions prior to baseline testing. The system used to communicate with the subject during exercise testing involved eye-blinking (one eye-blink for a "yes" and two eye-blinks for a "no" answer to the investigator's question). Prior to each test, the breath-by-breath cardiopulmonary measuring system's volume transducer was calibrated using a 3-litre syringe, and the O 2 and CO 2 gas analysers were calibrated using two references gases of known concentrations.
The investigator determined the step-size of the increments for the incremental test and programmed the sequence of work rate changes in the Matlab/Simulink FES-ACE exercise testing software. A schematic diagram illustrating the programmed time course of the incremental test is shown in Figure 2 . Subjects were asked to refrain from eating, smoking, and drinking alcohol or coffee for at least two hours prior to the test. They were required to empty their urine bag before starting the test. Ideally, the subjects had not performed any exercise for 24 hours prior to the test.
After electrode positioning and stimulation testing, the subject was set-up at the arm-crank ergometer. When the subject had settled down, the mask was placed over the nose and mouth and tightened to ensure a good seal. At least two minutes of resting data were recorded.
Following recorded rest, the exercise began with three minutes of passive arm-cranking in order to loosen the muscles. A second resting phase was then implemented. When cardiopulmonary data stabilised during this second rest period, the subject performed three minutes of unloaded arm-cranking, at a target cadence of 50 rpm. Visual feedback of actual and target cadence was provided in real time on the PC screen. If necessary, electrical stimulation was applied to the target muscles to achieve or maintain the desired cadence.
After three minutes of unloaded arm-cranking, the resistance was automatically stepped up every minute to increase the work rate in pre-programmed equal steps. The size of these steps varied between tests and between subjects. The incremental phase generally lasted between the desired optimal 8 to 12 minutes [2] . In order to maintain the cadence at increasing work rates, the stimulation intensity was increased manually by the investigator when necessary.
When the desired cadence of 50 rpm could no longer be maintained (dropping consistently to below 35 rpm), the load was reduced back down to zero. Unloaded arm-cranking during this active recovery phase lasted for 2 to 4 minutes, depending on how the subject was feeling.
The stimulation was switched off and the arms were then brought to rest for passive recovery. Recording of cardiopulmonary data stopped when values returned to pre-exercise resting levels.
Data analysis
We used commercially available statistical software (Origin 7.5, OriginLab, Massachussets, U.S.) to edit the raw cardiopulmonary data (to remove outliers) and to analyse the edited data.
The data from incremental tests were used to determine the following:
• Peak power output (in W) -calculated as the mean power output over 60 s at the highest completed work rate.
• Peak oxygen uptake (in l/min) -the breath-by-breath data were edited to remove outliers, and time aligned with the power output data. The peak oxygen uptake was calculated as the mean oxygen uptake (after editing) over the last 30 s at the highest completed work rate.
• Gas exchange threshold (in l/min) -a modified V-slope method was used to estimate the gas exchange threshold (GET) using the incremental portion of the edited data only.VCO 2 was plotted againstVO 2 , and theVO 2 at the point of inflexion in the relationship was taken to represent the GET [1, 23] . To increase the confidence that the threshold represented metabolic acidosis, the information obtained from the V-slope method was correlated with characteristic changes in the respiratory exchange ratio, and in the end-tidal tensions and ventilatory equivalents for oxygen and carbon dioxide.
• Oxygen uptake-work rate relationship -a linear regression was fitted to theVO 2 -WR relationship for each incremental test, and the slope of the regression was calculated.
Results
The data for the two case studies are presented together for comparison. The profiles of increasing work rate during each incremental test performed by Subjects A and B are depicted in Figure 3 . The graphs illustrate that for most tests the increment step-size was appropriate to limit the incremental phase to between 8 and 12 minutes, with the exception of TP2 for Subject A. The plots also show the effects of spasm during tests: periods of spasm led to temporary decreases in power output. An example for Subject A can be seen in Figure 3(a) , in the 11 th minute at TP3. Spasms were more frequent with Subject B, as seen in Figure 3(b) , with the effect being apparent at a number of test points: at the 8 th minute at TPs 1 and 4, and at the 9 th minute at TPs 2 and 5. The tests were not terminated at these points as the decreases in power output were only transient in nature, and the subject indicated that he/she was able to continue.
Peak values for power output (or work rate) are shown for each test point in Figure 4 . Both subjects showed a gradual increase in peak power output from the start of FES-ACE exercise (TP1) to the end of training (TP4). For Subject A, the baseline peak was 7 W and the end-of-training peak was 38 W, equivalent to a rate of increase of around 10 W per month. The increase over the training period was much lower for Subject B, from 3 W to 8 W. After one month without exercise, Subject A maintained a similar peak power output (37 W) as at the end of FES-ACE training, whilst Subject B appeared to lose some upper limb strength, down to a peak power output of 6 W (TP5). Further improvements were achieved by Subject A following 8 further weeks of arm-cranking training at home (without FES), reaching a new peak power output of 51 W (TP6). Peak values for oxygen uptake are shown for each test point in Figure 5 . For Subject A, peak oxygen uptake at baseline was 0.71 l/min and increased by 50% over the FES-ACE training period to 1.05 l/min, and then to 1.21 l/min with two additional months of training at home. Subject B showed no clear improvement in peak oxygen uptake overall from the start (0.53 l/min) to the end of training (0.55 l/min).
For both subjects, the GET followed a similar pattern to the peak oxygen uptake, as did the power outputs at the GET, as shown in Figure 6 .
The gradient of the slope of the fitted linear regression describing theVO 2 -WR relationship is provided for each subject at each test point in Table 2 . 
Discussion
In this pilot study, two case studies are presented to illustrate the feasibility of FES-ACE in C6 tetraplegia and the potential for positive training effects following an intensive programme of FES-ACE exercise.
Upper limb strength
Regular recording of peak power output during FES-ACE exercise every four weeks allowed us to monitor upper limb strength over the training phase, and for a period of time after cessation of exercise intervention.
In both case studies, overall increases in peak power production following FES-ACE exercise intervention were demonstrated. With Subject A, the effectiveness of a progressive FES-ACE training programme was evident from the steady increase in peak power output at a rate of approximately 10 W per month, to an end-of-training value of 38 W. With such rates of improvement, individuals with similar neurological deficits following their SCI potentially may able to benefit from regular use of FES-ACE in order to enhance the strength of upper limb muscles, including those still under voluntary control. With a greater degree of initial impairment than Subject A, Subject B gained upper body strength over the period of FES-ACE training but at a slower rate. The difference between subjects was too large to have been explained by other factors alone, such as sex, age, and arm girth prior to training. Starting with a baseline peak power output of 3 W, and with an average increase of only around 1.5 W per month, it would have taken Subject B longer and possibly a more intensive training schedule to achieve the end-of-training peak power output of 38 W that Subject A had reached.
This pilot study therefore provides preliminary evidence that FES-ACE systems, when used for regular and progressive training, can build up upper body strength in some individuals with C6 SCI. The completeness of the injury, degree of disuse and denervation atrophy of the upper limb muscles prior to training, and the level of motivation of the individual, are all likely to influence the potential for training effects in this group. It should be noted that care would need to be taken after a long period of training that adverse degenerative effects at the shoulder did not develop.
The contribution of FES muscle recruitment to the arm-cranking exercise, in comparison to that of voluntary muscle use, cannot be discerned from the results of this pilot study. It is likely that a training schedule similar to that described here would benefit patients with sufficient initial voluntary upper body strength, without using FES. However, we can speculate that without using FES in C6 tetraplegia, an important percentage of the force-producing muscle fibres (mostly triceps) would not be recruited during arm-cranking based solely on the use of voluntarily-controlled muscles (mostly elbow flexors). FES is also likely to have contributed to the build-up of voluntarily-controlled muscle, in particular in the initial stages of the training programme. Without the simultaneous use of the biceps of one arm and the triceps in the contralateral arm, fatigue of the biceps may occur earlier on in both training and testing than with FES-assisted ACE.
Cardiopulmonary Fitness
Maximum oxygen uptake is a widely accepted measure of cardiopulmonary fitness in the general population: the higher the value, the fitter the individual. For subjects with severe exercise limitation, the term 'peak oxygen uptake' is used instead and is taken to be a reasonable approximation of maximal capability [28] . We assessed peak oxygen uptake together with other indicators of cardiopulmonary fitness using breath-bybreath gas exchange measurements made during FES-ACE exercise. The cardiopulmonary data collected throughout the period of FES-ACE training revealed useful information about the potential for cardiopulmonary fitness training in C6 tetraplegia. Any extrapolation to benefits in C5 tetraplegia and above would be speculative at this stage. The results obtained with Subject A showed a clear and gradual increase in peak oxygen uptake over the intervention period. His initial baseline peak of 0.71 l/min was within the normal range for tetraplegics performing voluntary arm-cranking [31] . Three months of FES-ACE training succeeded in elevating his peak oxygen uptake to 1.05 l/min. This is above the average for tetraplegics and into the lower range of what paraplegics would achieve during voluntary arm-cranking exercise [31, 15, 7] . Subject B did not show such an improvement. With a pre-training value of 0.53 l/min, her baseline peak oxygen uptake was already below the tetraplegic average provided by Van Loan et al. [31] . Subject B's peak oxygen uptake did not increase discernibly over the training period, remaining low (0.55 l/min) even after three months of FES-ACE training three times per week.
Another indicator of cardiopulmonary fitness, the gas exchange threshold (GET), was also estimated. The GET is taken to be representative of the lactate threshold (LT), defined as the "level of work or O 2 consumption just below that at which metabolic acidosis and the associated changes in gas exchange occur" [33] . In general, the GET coincides with the LT, as it represents the onset of excess carbon dioxide production in response to lactate accumulation [1] .
The validity and usefulness of the lactate threshold in FES-exercise need to be explored further. The physiological characteristics of most muscles no longer under voluntary control appear to change following SCI. The muscle composition shifts from predominantly type I prior to injury to predominantly type II muscle fibres post-injury, due to preferential atrophy of the former [3, 20] . With the latter mostly being the high-glycolytic fibres, there is little remaining potential for the muscle to perform the work required during FES-induced exercise without a significant anaerobic component.
The pattern of nerve-fibre recruitment in the muscles stimulated by external electrical pulses seems to be the inverse of the natural pattern seen in voluntary muscular contraction [25] . High glycolytic (type IIb) fibres are preferentially recruited during FES-exercise due to the lower activation threshold of their motor neurones which are typically of large diameter. Therefore, one would expect a strong anaerobic component to the metabolic activity of the working muscles early on during FES-exercise. High oxidative (type I) fibres with their smaller-diameter motor neurones may then be recruited to a greater extent later on in the exercise, after the fast fibres have fatigued. If this were the case, would FES-exercise be expected to result in a reverse LT?
This may be so for exercise relying solely on electrical stimulation for contraction of the muscles involved in the exercise, although the authors are unaware of any study showing empirical data to support this theory. In our application of FES-ACE exercise in C6 SCI the exercise was performed through a combination of the remaining volitional component and the artificially-controlled FES component. This makes the interpretation of the LT even less straightforward. Although purely speculative, we suggest that the GET determined for FES-ACE may be more a feature of the artificial control of stimulation and activation of the fibres through FES, rather than a true representation of the aerobic capacity of the muscles being stimulated. Hence, the LT may not be a reliable indicator of cardiopulmonary fitness in individuals performing FES-ACE exercise, or any other form of FES-exercise.
Training effects were also investigated using theVO 2 -WR relationship. In the able-bodied population, one would expect most healthy people regardless of age, sex or training status to follow a rather robusṫ VO 2 -WR relationship for any specific exercise modality [32] . The position of the slope should not alter dramatically from person to person, except in the case of obesity due to the increased oxygen cost of maintaining the higher mass of the limbs in motion at any particular work rate. Positive training effects would normally allow the trained individual to work to a higher level up that slope (approximately 0.01 l/min ofVO 2 per W for leg-cycling), but with no obvious change in its gradient. This is because the gradient is representative of the efficiency of the exercise, which should reflect the underlying metabolic requirements for the muscles to perform that work.
We observed an apparent change in the slope of theVO 2 -WR relationship over the training period, which suggests a reduction in the oxygen cost of the exercise. This may be related to either improved technique or changes within the muscles performing the work. We favour the latter explanation. The change was unlikely to result from improved technique as each subject had used the FES-ACE set-up for up to six weeks prior to baseline testing when muscle-strengthening was carried out using FES-ACE at low cadence and with motor-assist. Subjects would have been expected to adjust to the exercise modality over that muscle-strengthening phase.
Physiological limitations in tetraplegia
One of the major factors limiting cardiovascular responses to exercise in tetraplegia is the extent of dysfunction of the sympathetic nervous system (SNS) resulting from the SCI, the effects of which tend to become more pronounced, the higher the lesion [30] . It mostly affects those with a lesion above T6 and results in reduced resting systolic and diastolic blood pressure. During exercise there is also an impaired cardiovascular response to the requirements for increased blood flow and oxygen delivery to the exercising muscles as evidenced from the blunted heart rate response [29] . McLean et al. [22] highlighted the variability in the blunted heart rate response and SNS dysfunction between individuals with tetraplegia. In most cases of clinically-complete SCI leading to tetraplegia (as determined through ASIA grade classification) a significant amount of SNS dysfunction is expected, but there may be some preserved sympathetic pathways [4] . In incomplete injuries, this likelihood is increased even further. It has been suggested that with incomplete SCI lesions "the clinical examination can predict the severity of impairment of the spinal sympathetic system in only about 50% of patients" [8] . The need for diagnostic tests relating to SNS dysfunction is being addressed by a team led by Ellaway [10] . Should such tests be incorporated into routine clinical investigations, an indication of SNS dysfunction and its possible effect on exercise capacity could be obtained on a case-by-case basis prior to exercise testing and exercise prescription.
The very different cardiopulmonary responses to training with FES-ACE in two different people with the same level of cervical SCI illustrate some important points: (i) the variability of exercise responses in tetraplegia, even between individuals with the same lesion level, which may be related to the completeness of the injury; (ii) the likelihood of severe central limitations to exercise, which may be more important in complete SCI, and reduced in some cases of incomplete SCI; (iii) the need for diagnostic tests prior to exercise prescription in tetraplegia. Such tests would enable tailor-made exercise programmes to be developed to suit the individual's capabilities and limitations.
If a larger-scale evaluation of FES-assisted arm-cranking exercise can identify its benefits and limitations in the wider tetraplegic population, FES-ACE may be considered as one of the possible exercise options in this group.
Conclusions
We propose that FES-ACE training could have a useful role to play in tackling some of the secondary complications of tetraplegia resulting from SCI, by providing cardiopulmonary and upper-limb conditioning. High-precision work rate control of FES-ACE exercise enabled the investigators to evaluate upper limb strength and cardiopulmonary fitness indicators at regular test points throughout a three-month FES-ACE training programme with two tetraplegic volunteers. Both subjects showed improvements in peak power output as a result of training, but only the subject with incomplete C6 SCI showed clear increases in cardiopulmonary fitness indicators. The data from our pilot study cannot be used to determine to what extent the improvements in upper limb strength and cardiopulmonary fitness were attributable to the use of FES, compared to recruitment of muscles under voluntary control. The extrapolation of potential benefits of FES-assisted arm-cranking exercise observed with these subjects to other individuals with tetraplegia would not be justified without further evaluation of the system and proposed methods.
